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2.2. Steady-state heat conduction equation 
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2.3. Thermal and mechanical stresses 
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0RUHGHWDLOVRQKRZWRGHULYHWKHPHFKDQLFDODQGWKHUPDOVWUHVVHVIRUWKH)*0VSKHULFDOSUHVVXUHYHVVHOZHUH
JLYHQLQ$SSHQGL[$
)(PRGHOLQJDQG5HVXOWV$QDO\VLV
3.1. FE modeling 
)RUYHULI\LQJDERYHPHQWLRQHGDQDO\WLFDOVROXWLRQVDWKHUPRPHFKDQLFDOFRXSOLQJ)(PRGHORIDQ)*0YHVVHO
FRQVLVWLQJRIDKROORZF\OLQGULFDOERG\DQGWZRKHPLVSKHULFDOFORVHGHQGVZDVFRQVWUXFWHGDVVKRZQLQ)LJ
)LJXUH  D VKRZV WKH KHWHURJHQHRXV FURVVVHFWLRQ RI WKH )*0 KROORZ F\OLQGHU Ri  PP Ro  PP
KHLJKW PPLQZKLFKWKH<RXQJ¶VPRGXOXVFKDQJHVIURPWKHLQVLGHVXUIDFHWRWKHRXWVLGHVXUIDFH6LQFHWKHUH
LV QR DXWKRUL]HG HOHPHQW LQ DOO H[LVWLQJ )( FRGHV WR VLPXODWH WKH PHFKDQLFDO EHKDYLRU RI )*0 VWHSZLVH
FRPSRVLWLRQEDVHG )( PRGHO KDV EHHQ JHQHUDOO\ XVHG E\ VRPH VFKRODUV > @ 6LPLODUO\ LQ WKLV ZRUN D
FRPSRVLWLRQEDVHG )( PRGHO ZDV DOVR GHYHORSHG DQG LPSOHPHQWHG LQWR WKH PDLQ SURJUDP %\ FKDQJLQJ WKH
FRQWLQXRXVPDWHULDOYDULDWLRQLQWRVWHSZLVHYDULDWLRQWKHKHWHURJHQHRXVFURVVVHFWLRQLQ)LJDZDVGLVFUHWL]HG
LQWRWHQLQGLYLGXDOKRPRJHQHRXVOD\HUVDVVKRZQLQ)LJELQFOXGLQJDVSKHULFDOKHDGRi PPRo PP
7KXVHDFKOD\HUKDVWKHVDPHPDWHULDOSURSHUWLHVDQGLVLVRWURSLF%XWWKHPDWHULDOSURSHUWLHVLVQRWWKHVDPHDPRQJ
HDFKOD\HUDQGZDVFKDQJHGLQJUDGLHQWDORQJWKHZDOOWKLFNQHVVDFFRUGLQJWRWKH(T
$QG WKHQ WKHVROLGPRGHO LQ)LJEZDVFRQYHUWHG LQWRDQ)(PRGHODVVKRZQ LQ)LJF&RQVLGHULQJ WKH
D[LVV\PPHWU\RIWKHJHRPHWULFDOVWUXFWXUHDQGORDGVDVZHOODVERXQGDU\FRQGLWLRQVDTXDUWHURIWKH)*0VWUXFWXUH
ZDV HVWDEOLVKHG ZLWK WKH D[LV\PPHWULFDO QRGH WKHUPDO HOHPHQW 3ODQH DQG WKH QRGH VWUXFWXUDO HOHPHQW
3ODQHXVLQJ WKH)(FRGH$16<67KHV\PPHWU\ERXQGDU\FRQGLWLRQZDVDSSOLHGDW WKHERWWRPRI WKHPRGHO
$QG WHQ DUHDVZHUHPHVKHG LQWR  HOHPHQWV DQGQRGHV DV VKRZQ LQ)LJ F7KH LQWHUQDO SUHVVXUH LV
03D7KHWHPSHUDWXUHRIWKHLQQHUVXUIDFHZDV&DQGWKHWHPSHUDWXUHRIWKHRXWHUVXUIDFHZDV&7ZR
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SULPDU\PDWHULDOVDUH$O2IRUFHUDPLFDQGVWDLQOHVVVWHHOIRUPHWDOUHVSHFWLYHO\DQGEo *3DȞ DQGLWV
JUDGH IDFWRUV ZHUH UDQGRPO\ JLYHQ DV ȕ  ĳ  DQG Ȗ  RQO\ IRU WKH SXUSRVH RI WKHRUHWLFDO
DQDO\VLVUHVSHFWLYHO\


)LJ0DWHULDO*HRPHWULFDQG)(PRGHORIDQ)*0SUHVVXUHYHVVHO
$QLQGLUHFWPHWKRGZDVXVHGWRFDOFXODWH WKHWKHUPRPHFKDQLFDOFRXSOLQJVWUHVVHVRIWKH)*0SUHVVXUHYHVVHO
FRPSRVHGRIWHQOD\HUKRPRJHQHRXVF\OLQGULFDOERG\DQGKHPLVSKHULFDOFORVHGHQG7KHVROXWLRQSURFHGXUHZDVDV
IROORZV )LUVWO\ WKH WKHUPDO PRGHO ZDV FUHDWHG DQG WKH WHPSHUDWXUH ERXQGDU\ FRQGLWLRQ LQSXWWHG DQG WKH
WHPSHUDWXUHGLVWULEXWLRQFDOFXODWHG6HFRQGO\WKHHOHPHQWW\SHZDVFRQYHUWHGIURPWKHWKHUPDOHOHPHQW3/$1(
WRWKHVWUXFWXUDOHOHPHQW3/$1(DQGKHQFHWKHWKHUPDOVWUHVVZDVREWDLQHG)LQDOO\WKHLQWHUQDOSUHVVXUHZDV
LPSRVHGRQWKHLQQHUOD\HURIWKH)(PRGHORIWKHSUHVVXUHYHVVHODQGWKHWKUHHVWUHVVHVıUıșı]ZHUHGHWHUPLQHG
3.2. Results and discussion 
7KHUDGLDOVWUHVVHVKRRSVWUHVVHVDQGD[LDOVWUHVVHVGHWHUPLQHGE\WKHDQDO\WLFDOVROXWLRQDQGWKH)(PHWKRGDUH
VKRZQ LQ )LJ  )LJ  DQG )LJ  UHVSHFWLYHO\ ,Q WKHVH ILJXUHV WKH VTXDUH V\PERO GHQRWHV WKH VWUHVVHV RI WKH
F\OLQGULFDOERG\DQGWKHFLUFXODUV\PEROGHQRWHVWKHVWUHVVHVRIWKHKHPLVSKHULFDOFORVHGHQG


)LJ&XUYHVRIWKHUDGLDOVWUHVVYVUDGLXV
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
)LJ&XUYHVRIWKHKRRSVWUHVVYVUDGLXV

)LJ&XUYHVRIWKHD[LDOVWUHVVYVUDGLXV


)LJ&XUYHVRIWKHVWUHVVHVDORQJ'%SDWK

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,WFDQEHVHHQWKDWWKHDQDO\WLFDOVROXWLRQVDJUHHZHOOZLWKWKH)(UHVXOWVLQ)LJDQG7KHGLVFUHSDQF\RIWKH
D[LDOVWUHVVHGRIWKHF\OLQGULFDOYHVVHOLQ)LJLVOHVVWKDQ7KXVLW LOOXVWUDWHVWKDWWKHDQDO\WLFDOVROXWLRQVDUH
JRRGDJUHHPHQWZLWKWKH)(VROXWLRQVZKLFKLQGLFDWHVWKDWWKHSURSRVHGPRGHOLVFUHGLEOHDQGIHDVLEOHLQWKLVZRUN
)LJXUHVKRZVWKHFKDQJHWUHQGRIWKHKRRSDQGD[LDOVWUHVVHVDORQJWKH'%SDWKDVVKRZQLQ)LJ&LWFDQEH
VHHQWKDWWKHWZRVWUHVVHVERWKDSSHDUHGVKDUSIOXFWXDWLRQLQWKHMRLQW]RQHEHWZHHQWKHF\OLQGHUDQGKHPLVSKHULFDO
HQG DQG WKH VKDUS FKDQJH VWUHVV LV JHQHUDOO\ QDPHG DV WKH HGJH VWUHVVZKLFKZDV FDXVHG E\ WKH GLVFRQWLQXRXV
JHRPHWULFDOVWUXFWXUHLQWKHMRLQW]RQH&RPSDUHGWRWKHDQDO\WLFDOVROXWLRQWKH)(DQDO\VLVFDQGHWHUPLQHWKHHGJH
VWUHVVPRUHDFFXUDWHO\
$FFRUGLQJWRWKHHPSLULFDOHTXDWLRQV>@WKHDWWHQXDWLRQUDQJHRIWKHHGJHVWUHVVIRUDF\OLQGHULVJLYHQDV
x rG   
)RUDKHPLVSKHULFDOHQG(TLVPRGLILHGDV
 rT G   
ZKHUHxLVWKHGLVWDQFHIURPSRLQW2WRSRLQW%DQGșLVWKHDQJOHRIURWDWLRQIURPSRLQW2WRSRLQW'LQUDGLDQVDV
VKRZQLQ)LJ
$FFRUGLQJWR(TVDQGWKHUHVXOWVDUHx PPDQGș 2QWKHRWKHUKDQGWKH)(VROXWLRQVDUH
x PP DQGș ZKLFK LQGLFDWHV WKDW WKH HIIHFWLYH ]RQH RI WKH HGJH VWUHVV REWDLQHG E\ WKH )(PHWKRG
NHHSV JRRG DJUHHPHQW ZLWK WKH HPSLULFDO HTXDWLRQV %HVLGHV LW DOVR LQGLFDWHV WKDW WKH LQIOXHQFH RI VWUXFWXUH
GLVFRQWLQXLW\LQD)*0SUHVVXUHYHVVHOFDQDOVREHQHJOHFWHGEHFDXVHWKHVFRSHRIWKHHGJHVWUHVVLVOLPLWHGZLWK
REYLRXV DWWHQXDWLQJ WUHQG 7KHUHIRUH WKH SULQFLSOH VWUHVV RI WKH DUHD IDU DZD\ IURP WKH FRQQHFWLRQ LV D PDMRU
FRQVLGHUDWLRQIRUWKH)*0SUHVVXUHYHVVHOGHVLJQ
2SWLPL]DWLRQPRGHOLQJIRUVHHNLQJWKHRSWLPDOJUDGHGIDFWRU
4.1. Construction of optimization objective function 
7KHPD[LPDOVWUHVVLVJHQHUDOO\XVHGDVWKHGHVLJQFRQGLWLRQDFFRUGLQJWRWKHH[LVWLQJSUHVVXUHYHVVHOGHVLJQFRGH
VXFK DV $60( (1 *% &KLQHVH FRGH DQG VR RQ +RZHYHU LW FDQ EH VHHQ IURP WKH )LJ WKDW WKH
GLVWULEXWLRQRIKRRSVWUHVVLVQRWXQLIRUPDORQJWKHFURVVVHFWLRQRIWKHZDOOWKLFNQHVVIRUWKH)*0SUHVVXUHYHVVHO
WKXVLWVEHDUORDGLQJFDSDFLW\LVQRWIXOO\XWLOL]HG,WLVVXJJHVWHGWKDWWKHVWUHVVVKRXOGEHGHVLJQHGDVXQLIRUPO\DV
SRVVLEOHE\DGMXVWLQJWKHJUDGHGIDFWRUVRI)*0VIRUIXOO\XWLOL]LQJLWVEHDUORDGLQJFDSDFLW\+RZHYHULWLVGLIILFXOW
WRVHHNWKHRSWLPDOJUDGHGIDFWRUV,QWKLVZRUNDQRSWLPL]DWLRQPHWKRGZDVSURSRVHGE\FRXSOLQJWKH)(PRGHO
DQGRSWLPL]DWLRQPHWKRG)LUVWO\WKHRSWLPL]DWLRQREMHFWLYHIXQFWLRQLVHVWDEOLVKHGDV
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ZKHUHnGHQRWHVWKHQXPEHURIOD\HUVLQWKH$%SDWKLQ)LJFV LVWKHDYHUDJHVWUHVVLQWKH$%SDWK  e iV LV
WKHYRQ0LVHVVWUHVVLQWKH thn OD\HUDQGK LVWKHDYHUDJHYDULDQFH > @V LVWKHDOORZDEOHVWUHVVRIWKH)*0SUHVVXUH
YHVVHO PD[ eV LV WKHPD[LPDO YRQ0LVHV Ĳ LV D FRQVWDQW JLYHQ DFFRUGLQJ WR WKHPD[LPDO YDOXH RI ȕ DQG İ LV
DQRWKHUFRQVWDQWJLYHQDFFRUGLQJWRWKHPD[LPDOYDOXHRIĳ1RWHVWKDWWKHWKHUPDOJUDGHIDFWRUȖ ZDVQRWRSWLPL]HG
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IRUUHGXFLQJWKHFDOFXODWLRQVFDOH7KHFRPSXWDWLRQLVUHLWHUDWHGXQWLOWKHPDJQLWXGHRIȘRIWKHREMHFWLYHIXQFWLRQLV
PLQLPL]HG
4.2. Optimization results and discussion 
7KHRSWLPL]DWLRQPRGHOZDVSHUIRUPHGEDVHGRQDERYHPHQWLRQHG)(PRGHODQGGRXEOHGHVLJQYDULDEOHVȕ DQG
ĳRSWLPL]DWLRQSURFHGXUHZDVGHYHORSHG LQ WKLVZRUNE\FRPSLOLQJD VXESURJUDPXVLQJ WKH$16<6SDUDPHWULF
GHVLJQODQJXDJH$3'/7KHVROXWLRQLVDFKLHYHGZKHQWKHDYHUDJHYDULDQFHȘRIWKHREMHFWLYHIXQFWLRQEHFRPHV
WKH VPDOOHVW$V WKHUH DUH WZR XQNQRZQSDUDPHWHUV ȕ DQGĳ QHHG WR EH RSWLPL]HG WKH ]HURRUGHU RSWLPL]DWLRQ
PHWKRGKDVEHHQDGRSWHGLQRUGHUWRREWDLQWKHDFFXUDWHVROXWLRQ,WVKRXOGEHQRWHGWKDWWKHRSWLPL]DWLRQDOJRULWKP
LV IHDVLEOH DW ILQGLQJ WKH ORFDO RSWLPL]DWLRQ VROXWLRQ ZLWKLQ D VSHFLILHG WROHUDQFH )RU WKLV UHDVRQ PXOWLVWHS
RSWLPL]DWLRQZDV FDUULHG RXW E\ DGMXVWLQJ WKH RSWLPL]DWLRQ UDQJH ,Q WKLVZRUNn  >ı@  03D7KH GHVLJQ
YDULDEOHVĲDQGİZHUHERWKJLYHQDVDWWKHLQLWLDORSWLPL]DWLRQDQGPXOWLDGMXVWHGLQWRDUHDVRQDEOHORFDOVXE
UDQJH
7DEOH  VKRZV WKH RSWLPL]DWLRQ FRPSXWDWLRQDO UHVXOWV WKH RSWLPDO JUDGHG IDFWRU LV ȕ  DQG ĳ 
WKURXJKWKHUHSHDWHGLWHUDWLYHLQZKLFKWKHDYHUDJHYDULDQFHRIWKHYRQ0LVHVVWUHVVDUULYHVDWWKHVPDOOHVW
7DEOH,WHUDWLYHSURFHVVRIWKHJUDGHGIDFWRU
Q      
_ȕ_      
_ĳ_      
V      
Ș      

)LJXUHVKRZVWKHFXUYHVRIWKHYRQ0LVHVVWUHVVHVDORQJWKH$%SDWKWKHZDOOWKLFNQHVVRI)*0F\OLQGHUDV
VKRZQLQ)LJFLWFDQEHVHHQWKDWWKHPD[LPDOVWUHVVZDVGHFUHDVHGIURP03DWR03DDQGWKHYRQ
0LVHV VWUHVVEHFRPHVPRUHXQLIRUPDORQJ WKH$%SDWKZKLFK LOOXVWUDWHV WKDW WKHEHDUORDGLQJFDSDFLW\ZRXOGEH
LPSURYHG DERXW  LI XVLQJ WKH RSWLPL]HG JUDGHG IDFWRUV 7KH UHVXOWV ZLOO EH KHOSIXO LQ EHWWHU DQG UHDVRQDEOH
GHVLJQRIWKH)*0SUHVVXUHYHVVHO


)LJ&XUYHVRIWKH0LVHVVWUHVVDORQJ$%SDWK
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&RQFOXVLRQV
,Q WKLV VWXG\ WKH DQDO\WLFDO VROXWLRQV DQG )( VROXWLRQV IRU GHWHUPLQLQJ WKHPHFKDQLFDO EHKDYLRU RI WKH )*0
SUHVVXUHYHVVHOVXEMHFWHGWRWKHUPRPHFKDQLFDOORDGLQJDQGWKHLQQRYDWLRQLVWRLPSOHPHQWWKHD[LDOVWUDLQLQWRWKH
VWUHVVHTXDWLRQV7KHVWUHVVFDOFXODWLRQIRUPXODWLRQVREWDLQHGDUHIXUWKHULPSURYHGFRPSDUHGZLWKWKHH[LVWLQJRQHV
0RUHRYHUWKHDQDO\WLFDOVROXWLRQVZHUHLQJRRGDJUHHPHQWZLWKWKH)(VROXWLRQVZKLFKSURYHGWKDWWKHDQDO\WLFDO
VROXWLRQVRIWKHVWUHVVHVRIWKH)*0SUHVVXUHYHVVHOZHUHFUHGLEOH$QRWKHULQQRYDWLRQLVWRSURSRVHDQRSWLPL]DWLRQ
PRGHO IRU VHHNLQJ WKH RSWLPDO JUDGHG IDFWRUV RI WKH )*0 SUHVVXUH YHVVHO DQG WKH UHVXOWV LOOXVWUDWHG WKDW WKH
RSWLPL]DWLRQPRGHOGHYHORSHGZDVIHDVLEOH7KHILQGLQJVLQWKLVZRUNZLOOEHKHOSIXOIRUDFFXUDWHVWUHVVFDOFXODWLRQ
DQGUDSLGSDUDPHWHUGHVLJQRIWKH)*0SUHVVXUHYHVVHOLQWKHIXWXUH
$FNQRZOHGJHPHQW
7KH DXWKRUV ZRXOG OLNH WR WKDQN WKH 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD  DQG WKH
)XQGDPHQWDO5HVHDUFK)XQGVIRUWKH&HQWUDO8QLYHUVLWLHV'87/.IRUWKHLUVXSSRUWRIWKLVZRUN
$SSHQGL[$'HULYDWLRQRIWKHWKHUPDOVWUHVVHVIRUVSKHULFDO)*0SUHVVXUHYHVVHO
)RU WKH VSKHULFDO )*0 SUHVVXUH YHVVHO WKH HTXLOLEULXP HTXDWLRQV IRU D[LV\PPHWULF KROORZ VSKHULFDO SUHVVXUH
YHVVHODUHPRGLILHGDV
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A.1. For the mechanical stresses 
)RUWKHVSKHULFDOSUHVVXUHYHVVHOWKHFRQWUROHTXDWLRQFDQEHWUDQVIRUPHGDV
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A.2. For the thermal stresses 
)RUWKHVSKHULFDOSUHVVXUHYHVVHOWKHFRQWUROHTXDWLRQFDQEHWUDQVIRUPHGDV
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